The transposable element Tc1 is responsible for most spontaneous mutations that occur in many Caenorhabditis elegans strains. We analyzed the abundance and sequence of mRNAs expressed from five different Tc1 insertions within either hlh-1 (a MyoD homolog) or unc-54 (a myosin heavy chain gene). Each of the mutants expresses substantial quantities of mature mRNA in which most or all of Tc1 has been removed by splicing. Such mRNAs contain small insertions of Tc1 sequences and/or deletions of target gene sequences at the resulting spliced junctions. Most of these mutant mRNAs do not contain premature stop codons, and many are translated in frame to produce proteins that are functional in vivo. The number and variety of splice sites used to remove Tc1 from these mutant pre-mRNAs are remarkable. Two-thirds of the Tc1-containing introns removed from hlh-1 and unc-54 lack either the 5-GU or AG-3 dinucleotides typically found at the termini of eukaryotic introns. We conclude that splicing to remove Tc1 from mutant pre-mRNAs allows many Tc1 insertions to be phenotypically silent. Such mRNA processing may help Tc1 escape negative selection.
Transposable elements are a major source of spontaneous mutations in many organisms. While transposons frequently reduce or eliminate the expression of genes into which they insert, they can also alter the time or tissue in which a gene is expressed (for examples, see references 9, 12, 20, 39, 40, 53, 64, and 68) . Transposons can also induce gross changes in chromosome structure, such as deletions, inversions, and more complex rearrangements (for examples, see references 8, 12, 13, 19, 55, and 64) . Despite their seemingly deleterious effects on host fitness, transposable elements are present in the genomes of most, if not all, organisms. How are transposons able to evade negative selection? Several processes likely contribute to the maintenance of transposable elements in natural populations. Many active families of transposons may be maintained, because they are an important source of genetic variability and evolutionary diversity. Some transposons may replicate and disperse at a rate sufficient to overcome negative selection. Others may escape negative selection because their insertions are phenotypically neutral.
Certain transposon insertions, even those within the transcribed regions of expressed genes, can have remarkably little effect on phenotype. Such transposons are often spliced from mutant pre-mRNAs, leaving behind small insertions and/or deletions in a mature mRNA. Imprecise splicing to remove transposons from mutant pre-mRNAs has been observed in maize (reviewed in references 26, 72, and 73), Drosophila melanogaster (24, 25, 50, 62, 75) , Caenorhabditis elegans (5, 36, 37, 42, 59) , and mammals (32, 65) . After splicing to remove element sequences, such mRNAs sometimes encode partially or fully functional proteins (for examples, see references 25, 31, 36, 62, and 72) .
In most organisms, transposon insertions are recognized during genetic screens because they disrupt target gene function. Such genetic screens are biased, because only insertions that cause a visible mutant phenotype are identified. We previously described a molecular screen that identifies Tc1 insertions in sequenced C. elegans genes without bias toward the phenotype of derived mutants (59) . Surprisingly, the first four insertion alleles that we isolated by using this screen proved to be wild type when homozygous (or very nearly so), even though the affected genes (mlc-2, encoding a myosin light chain, and hlh-1, encoding a MyoD homolog) are essential for viability (10, 59, 60) . In the case of mlc-2::Tc1 insertions, we demonstrated that most or all of Tc1 is spliced from mlc-2::Tc1 mature mRNA. The splicing of Tc1 from these mutant premRNAs, together with their wild-type phenotype, suggested to us that Tc1 evades negative selection, at least in part, by being removed from mutant mRNAs.
We have investigated further whether splicing to remove Tc1 from mutant pre-mRNAs is a general phenomenon. We have characterized the abundance and structure of mRNAs produced from five different Tc1 insertion alleles affecting two different genes. We include in this analysis Tc1 insertion alleles initially identified by both genetic and molecular screens.
MATERIALS AND METHODS

Strains.
Conditions for growth and maintenance of C. elegans are described by Brenner (7) . Isolation and phenotypic characterization of the alleles used in this study have been previously described (16, 59) . hlh-1(r1010::Tc1) was isolated by using a molecular screen to detect Tc1 insertions within or near hlh-1 (59) . unc-54::Tc1 alleles were isolated in a genetic screen for muscle-defective mutants (16) .
RNA extractions and Northern (RNA) analyses. RNA was prepared from populations of mixed-stage animals by the procedures of Ross (57) as modified by B. Saari (cited in reference 14). Poly(A) ϩ mRNA was isolated by using streptavidin paramagnetic particles to capture biotin-oligo(dT)-mRNA hybrids (Promega Corp.). For Northern transfers, RNA [16 g of total RNA or 6 g of poly(A)
ϩ RNA] was denatured with glyoxal and dimethyl sulfoxide and electrophoresed through agarose gels in 0.01 M NaH 2 PO 4 (pH 7.0) (61) . Samples were transferred to Zeta-Probe blotting membranes (Bio-Rad Laboratories) and hybridized with either hlh-1 or unc-54 radiolabeled probes. hlh-1 antisense probes were prepared by primer extension (33) with plasmid pV2-1200 (provided by M. Krause), which contains a 1.0-kb EcoRI hlh-1 cDNA fragment. unc-54 antisense RNA probes were prepared similarly with plasmid TR#128, which contains a 2.5-kb unc-54 genomic fragment (51) . As an internal standard for the amount of mRNA loaded per lane, filters were also hybridized with a radiolabeled mlc-1 antisense RNA probe transcribed from plasmid TR#115 (59) . Hybridizations were done at 68ЊC in a buffer containing 1.0% bovine serum albumin, 1.0 mM EDTA, 0.5 M NaHPO 4 (pH 7.2), and 7.0% Na-dodecyl-SO 4 (11 Oligonucleotide primers. Each oligonucleotide primer is designated by a gene name (hlh1 or unc54) followed by the coordinate of the first 5Ј nucleotide. The orientation of each primer relative to the direction of transcription (sense or antisense) is shown below. hlh-1, unc-54, and Tc1 nucleotide coordinates are those for GenBank accession numbers M37497, J01050, and K01135, respectively (30, 33, 56) . (Note that the GenBank hlh-1 coordinates are different from those of the published sequence.). Oligonucleotide sequences are as follows: hlh1-501, sense, 5Ј-GAACACGGAAACCTCAACTC-3Ј; hlh1-601, sense, 5Ј-CTGACAA GTTTCGCTGCGCC-3Ј; hlh1-3806, antisense, 5Ј-CGTCGGTCATTGCTTCCT CG-3Ј; hlh1-3843, antisense, 5Ј-CCATCAATCACATCATTTGC-3Ј; unc54-1558, sense, 5Ј-AAGAAGAACGTCTGGATCCC-3Ј; unc54-1746, sense, 5Ј-CCACC AAAGTTCGAGAAGACCG-3Ј; unc54-3016, antisense, 5Ј-CCTGGGCGACG AACCAGTAA-3Ј; unc54-3443, sense, 5Ј-TCGGTGTGCTCGATATCGCC-3Ј; unc54-3594, sense, 5Ј-ATGGGTCTTCATCGATTTCGG-3Ј; unc54-4210, antisense, 5Ј-GCGGCATCGATCATACC-3Ј; and unc54-4748, antisense, 5Ј-GGCG AGACTGTCTTCGAGGG-3Ј.
Reverse transcriptions. Reverse transcription reaction mixtures included 1.0 to 4.0 g of total RNA, 250 pmol of oligonucleotide primer, and 1.2 mmol of each deoxynucleoside triphosphate in a reverse transcriptase buffer (50 mM Tris-HCl [pH 8.3], 60 mM NaCl, 10 mM dithiothreitol). cDNAs were reverse transcribed from total RNA with either primer hlh1-3843 (allele r1010), unc54-3016 (alleles r323, r328, and r327), or unc54-4748 (allele r360). These mixtures were heated to 70ЊC and slowly cooled to 42ЊC. Avian myeloblastosis virus reverse transcriptase (4.5 to 17.5 U; Promega Corp.) was then added. Samples were incubated for 1 h at 42ЊC, treated with 1.0 g of RNase A, extracted with phenol and chloroform, and precipitated with ethanol. The products of cDNA synthesis were then amplified by the PCR as described below.
Amplification reactions. Genomic DNA (0.1 g) or first-strand cDNA (entire reverse transcription reaction) was amplified with the PCR as described previously (59) . hlh-1 cDNAs were amplified by two sequential PCRs with primers hlh1-501 and hlh1-3843 for the first reaction, and primers hlh1-501 and hlh1-3806 for the second reaction. Samples were heated to 93ЊC for 2 min; processed through 30 cycles of 93ЊC for 0.5 min, 55ЊC for 1 min, and 72ЊC for 2 to 3 min; and completed by a 10-min incubation at 72ЊC. unc-54 cDNAs were amplified in a similar manner, except that the annealing step was performed at 60ЊC. Primers unc54-1558 and unc54-3016 were used to amplify cDNAs for insertions r323, r328, and r327. Primers unc54-3443 and unc54-4748 (initial amplification) and unc54-3443 and unc54-4210 (reamplification) were used to amplify cDNAs for insertion r360.
Cloning and sequencing of cDNAs. cDNA amplification products were treated with Klenow fragment or T4 DNA polymerase, and the resulting blunt-end molecules were ligated into either the EcoRV site of plasmid pBKSII(Ϫ) (Stratagene) or the SmaI site of plasmid pUC18 (Pharmacia) by a standard ligation protocol (61) . Individual recombinant plasmids were purified, and doublestranded plasmid DNA was prepared (61) . These cDNA clones were sequenced in the vicinity of each insertion by a dideoxy chain-termination protocol. hlh-1 or unc-54 clones were sequenced with primer hlh1-601, unc54-1746, or unc54-3594 as appropriate. Because Tc1 is polymorphic, we sequenced the Tc1 termini of hlh-1::Tc1 and unc-54::Tc1 genomic DNAs and confirmed that the sequence of these elements is identical to that of the canonical Tc1 element (56) .
RESULTS
Molecular analysis of hlh-1(r1010::Tc1). hlh-1(r1010::Tc1) was isolated as a site-selected insertion (59) , by methods that identify insertion alleles without bias toward the phenotype of derived mutants. To determine the precise site of the r1010:: Tc1 insertion, we amplified r1010::Tc1 genomic DNA by the PCR and sequenced both the 5Ј and 3Ј hlh-1::Tc1 insertional junctions. Tc1 (1.6 kb) is inserted in r1010 into a TA dinucleotide at hlh-1 coordinates 2398 to 2399. This insertion site is located within the hlh-1 second exon, 17 nucleotides (nt) downstream of the 3Ј splice acceptor of the first intron (see Fig. 1A ). r1010 homozygotes are essentially wild type, despite the fact that hlh-1 is an essential gene (10) .
We analyzed the steady-state size and relative abundance of hlh-1(r1010::Tc1) mRNA by Northern blots (see Fig. 1B ). Wild type expresses a single hlh-1 transcript of approximately 1.3 kb. hlh-1(r1010::Tc1) contains at least three distinct hlh-1 transcripts. The smallest of these ( Fig. 1, transcript 1 ) is approximately the same size as that of the wild-type transcript. In addition, r1010 contains two larger hlh-1 transcripts (Fig. 1 , transcripts 2 and 3) of approximately 3.0 and 5.0 kb, respectively. We have not analyzed the structures of these larger mRNAs, but a 3.0-kb transcript would be predicted for a hlh-1 mRNA (1.3 kb in wild type) containing either a full-length Tc1 insertion (1.6 kb) or the hlh-1 first intron (1.7 kb). Perhaps the approximately 5.0-kb transcript of r1010 contains both of these sequences.
Surprisingly, the abundance of hlh-1 transcripts in r1010 is elevated relative to the wild type. From three separate measurements with two independent RNA preparations, we estimate that the relative abundance of the 1.3-kb r1010 transcript is approximately (195 Ϯ 27)% of the amount contained in the wild type. When the relative amounts of all three r1010 transcripts are summed, r1010 contains almost fourfold more hlh-1 mRNA ([396 Ϯ 32]%) than the wild type. We believe that the elevated hlh-1 mRNA levels in r1010::Tc1 homozygotes are due to effects of the transposon insertion on hlh-1 gene expression, rather than to differences in genetic background. hlh-1(r1010) was isolated from mutator strain MT3126, a strain whose genome is almost entirely wild-type Bristol material (22) . r1010, furthermore, was outcrossed twice with Bristol material prior to measurement of its hlh-1 mRNA levels.
Structures of hlh-1(r1010::Tc1) mRNAs. hlh-1(r1010::Tc1) contains a 1.6-kb insertion of Tc1 within the hlh-1 second exon, and yet the most abundant hlh-1 mRNA of r1010 is approximately normal in size. Two lines of evidence demonstrate that little, if any, of this abundant mRNA is transcribed from hlh-1 VOL. 16, 1996 SPLICING REMOVES Tc1 423 DNA molecules that have undergone Tc1 somatic excision (18) . First, the 1.3-kb mRNA of r1010::Tc1 is very abundant (see above), but we detected only trace amounts of somatic excision of r1010::Tc1 with genomic Southern blots (data not shown). Second, none of the cDNA sequences described below are those predicted for the most frequent type of Tc1 somatic excision (17, 58) . To determine how Tc1 is removed from the hlh-1(r1010:: Tc1) mRNA, we sequenced the 1.3-kb mutant cDNAs in the vicinity of the Tc1 insertion. Wild-type and mutant mRNAs were reverse transcribed and amplified by the PCR (RT-PCR). Amplification primers were chosen such that hlh-1 cDNA products (906 bp in the wild type) were easily distinguished from intron-containing genomic DNA products (3.3 kb in the wild type or 4.9 kb in r1010). The cDNA products of RT-PCR amplification are shown in Fig. 1C . A cDNA species, whose size is that predicted for the wild-type transcript, is amplified in both the wild type and r1010::Tc1 (Fig. 1C, lanes 1 and 2) .
We cloned the wild-type and mutant cDNAs and sequenced them in the vicinity of the r1010::Tc1 insertion. All five of the wild-type cDNA clones were spliced with the previously described 5Ј and 3Ј splice sites of the hlh-1 first intron (33) . The sequences of 19 independent r1010 cDNA clones identified six distinct transcripts. On the basis of structural similarities, these cDNAs can be grouped into four classes (classes I, II, III, and IV [ Fig. 2] ). Within each class, minor sequence heterogeneity is often evident. For example, class I cDNAs are spliced by using the normal 5Ј splice donor of the hlh-1 first intron and a 3Ј splice acceptor within the right inverted repeat of Tc1. Either of two distinct 3Ј splice acceptors is used to splice different class I cDNAs. We, therefore, subdivide class I into classes I A and I B (Fig. 2) .
The nucleotide coordinates of the hlh-1 and/or Tc1 splice sites used to produce these 19 hlh-1 cDNAs are listed in Table  1 . Assuming that for each mRNA the remainder of the molecule is spliced normally, these 19 mRNAs range in size from 253 nt smaller than the wild type (class IV) to exactly the same size as the wild type (class II A). Of the 19 cDNAs, 14 maintain the normal hlh-1 translational reading frame and do not contain stop codons within the Tc1 sequences that remain in the mature message. Translation of such mRNAs is predicted to produce six different HLH-1 proteins that vary in size from about 84 amino acids smaller than the wild type to the same size as the wild type. Although hlh-1 is an essential gene (10), r1010::Tc1 is phenotypically wild type, indicating that one or more of these HLH-1 proteins are functional in vivo.
Molecular analysis of unc-54::Tc1 mutants. unc-54(r323:: Tc1), r327::Tc1, r328::Tc1, and r360::Tc1 were identified in a genetic screen for unc-54 loss-of-function alleles (16) . unc-54 encodes myosin heavy chain B (MHC B), and all four Tc1 insertions are located within unc-54 exons (Fig. 3A) . These unc-54::Tc1 mutants exhibit muscle defects that are indistinguishable from those of unc-54 null alleles. We analyzed the steady-state size and relative abundance of unc-54::Tc1 transcripts by Northern blots (Fig. 3B) . All four mutants accumulate substantial quantities of unc-54 mRNA that is approximately normal in size (6.5 kb). We estimate that the abundance of these normally sized transcripts relative to the wild type is (23 Ϯ 5)% in r323, (37 Ϯ 11)% in r328, (33 Ϯ 13)% in r327, and (11 Ϯ 5)% in r360.
All four unc-54::Tc1 mutations additionally contain one or more unc-54 mRNAs that are substantially larger than wildtype mRNAs. We have not analyzed the structures of these transcripts, but the largest of them (about 8 kb, contained in r323 and r328) are the sizes predicted for mRNAs containing all or most of Tc1 (1.6 kb) inserted within unc-54. r327 and r360 contain mRNAs slightly smaller than the largest mRNAs of r323 and r328, and r360 additionally contains an approximately 2.0-kb mRNA species. When the relative amounts of all unc-54-hybridizing transcripts are summed, r323, r327, r328, and r360 contain (27 Ϯ 4)%, (48 Ϯ 26)%, (47 Ϯ 12)%, and (47 Ϯ 20)%, respectively, relative to the wild type.
Structures of unc-54::Tc1 mRNAs. Although each of these unc-54::Tc1 alleles contains a 1.6-kb insertion of Tc1 within unc-54 exons, they all express substantial quantities of unc-54 mRNA that is approximately normal in size (6.5 kb). Three lines of evidence indicate that very little of the 6.5-kb mRNA is transcribed from DNA molecules that have undergone Tc1 somatic excision. First, the amount of somatic excision DNA in these unc-54::Tc1 mutants is estimated to be only 1 to 5% of total DNA (16) , while the amount of 6.5-kb mutant mRNAs is substantially greater than that. Second, only somatic excision that occurs in body-wall or sex muscle cells (where unc-54 is expressed) is actually capable of yielding somatic excision mRNAs. Such cells are a small fraction of total cells. Third, the sequences of somatic excision alleles of r323, r327, r328, and r360 have been documented previously (17) . Only one cDNA clone that we analyzed has a sequence characteristic of somatic excision (TACATA compared with the wild-type TA; derived from r327::Tc1; this exceptional clone is not considered further in the following discussions).
To determine how Tc1 is removed from unc-54::Tc1 mRNAs, we sequenced wild-type and mutant cDNAs in the vicinity of the Tc1 insertions. cDNAs were amplified by RT-PCR by methods similar to those described above for hlh-1. unc-54 amplification primers were chosen such that the sizes of cDNA amplification products were distinguished from genomic DNA amplification products (either wild type, insertion containing, or somatic excision containing). The cDNA products obtained from RT-PCR amplification are shown in Fig. 3C . A single cDNA species of the expected size is amplified in the wild type (Fig. 3C, lanes 1 and 9) . Each of the unc-54::Tc1 mutants contains cDNA products that are nearly normal in size (Ϯ50 bp).
We cloned the wild-type and mutant unc-54 cDNAs and sequenced them in the vicinity of the Tc1 insertions. We sequenced 11 cDNA clones of the wild type (five across the third-fourth exon junction and six across the fifth-sixth exon junction). All of these cDNAs were spliced with the previously determined unc-54 splice sites (30) . We sequenced 11 independent cDNA clones derived from r323, 16 derived from r328, 12 derived from r327, and 19 derived from r360. These 58 clones represent 16 distinct cDNA sequences. On the basis of structural similarities, these 58 cDNAs can be grouped into seven distinct classes (classes V through XI [ Fig. 4] ). As described above for hlh-1, minor sequence heterogeneity is often evident within each class. The nucleotide coordinates of the unc-54 and/or Tc1 splice sites used to produce these 58 cDNAs are listed in Table 1 . Assuming that for each mRNA the remainder of the molecule is spliced normally, these mutant unc-54 transcripts range in size from 48 nt smaller than the wild-type transcript (class IX) to 48 nt larger than the wild-type transcript (classes VII A, B, and C). Forty-six of the 58 cDNAs maintain the unc-54 translational reading frame across all sequenced spliced junctions and do not contain any stop codons within the Tc1 sequences that remain in the mature mRNAs. Translation of such mRNAs is predicted to produce at least 16 different MHC B proteins, each containing small deletions (16 amino acids or less) and/or small insertions relative to the wild-type protein.
Because these unc-54::Tc1 insertions exhibit phenotypes of unc-54 null alleles, and because expression of even a few percent of the normal amount of functional MHC B can be detected phenotypically (71), we infer that these mutant MHC B proteins are either unstable or nonfunctional.
Unusual splice sites used to remove Tc1 from mutant mRNAs. The cDNAs described above were produced with a remarkable variety of splice sites within hlh-1, unc-54, and Tc1. Many of these mRNAs are spliced with sites that have never been observed as splice sites during processing of wild-type hlh-1, unc-54, or Tc1 pre-mRNAs. Many of the utilized splice sites lack the canonical 5Ј-GU and AG-3Ј dinucleotides typically found at the termini of eukaryotic introns (43, 63) . Sequences of unusual splice sites used during processing of hlh-1::Tc1 and unc-54::Tc1 mRNAs are shown in Fig. 5 . In total, 62% (49 of 79) of the hlh-1::Tc1 and unc-54::Tc1 mutant introns were removed by using at least one splice site that does not contain either a 5Ј-GU or an AG-3Ј dinucleotide.
DISCUSSION
The C. elegans transposon Tc1 is spliced from each of eight independent insertion alleles that we analyzed, including four alleles of unc-54, three alleles of mlc-2, and one allele of hlh-1. Splicing removes all or part of Tc1 from these mutant premRNAs and yields mature messages that contain small insertions, deletions, and/or substitutions relative to the wild type at what was the site of insertion. While such splicing events have been observed for occasional transposon insertions in a number of organisms, removal of Tc1 from mutant pre-mRNAs in C. elegans appears to be remarkably common. All eight of the insertion alleles that we analyzed express substantial amounts of in-frame mRNA. Steady-state quantities range from about 1/10 of the wild-type quantity for unc-54(r360) to about twice the wild-type quantity for hlh-1(r1010). a For each mutant intron, the first and last nucleotides of the removed intron are listed. Because the sequences surrounding the 5Ј donor and the 3Ј acceptor sites of class II A, II B, IV, and XI transcripts are identical, the exact splice sites utilized are ambiguous. In cases in which such ambiguity occurs near a normal hlh-1 or unc-54 splice site, we assumed that the normal splice site was used. The translational reading frame of each spliced junction is indicated.
b Unusual splice sites that lack either the 5Ј-GT or AG-3Ј typically found at the ends of eukaryotic introns.
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The ''mRNA footprints'' of Tc1 described here are distinct, both in primary sequence and in the mechanism by which they are generated, from Tc1-induced ''DNA footprints.'' DNA footprints result from a transposase-dependent imprecise excision of Tc1 from germ line or somatic DNA (17, 18, 58) . mRNA footprints, on the other hand, result from imprecise splicing of Tc1 from mutant pre-mRNA. Such splicing is presumably transposase independent.
Because of the ways in which Tc1-containing pre-mRNAs are spliced, insertion alleles identified in traditional genetic screens may represent only a small subset of total germ line insertions. Our mlc-2::Tc1 and hlh-1::Tc1 insertions, for example, were isolated as site-selected insertions, a method that does not depend on their having a particular phenotype (59) . Indeed, these Tc1-induced mutants are phenotypically normal (or very nearly so), even though null alleles of both mlc-2 and hlh-1 are lethal or sterile (10, 60) . Such silent Tc1 insertions could not have been identified by conventional genetic screens. Even the unc-54::Tc1 alleles that we analyzed, which were identified in a genetic screen for muscle-defective mutants (16) , are spliced in a manner qualitatively similar to that of mlc-2 and hlh-1. We infer that unc-54::Tc1 alleles are phenotypically mutant only because the sites of insertion within MHC B are intolerant of the small insertions, deletions, and substitutions that result from imprecise removal of Tc1. mlc-2:: Tc1 and hlh-1::Tc1 insertions, on the other hand, are phenotypically silent because MLC-2 and HLH-1 are tolerant of such mRNA footprints at those particular sites.
What proportion of Tc1 insertions are silent? Site-selected insertion methods identify Tc1 insertion alleles independent of a mutant phenotype. While this approach is becoming widely (17). Shaded and unshaded boxes indicate translated and untranslated exons, respectively. In r327, Tc1 is inserted within the unc-54 third exon, 33 nt upstream of the 5Ј splice donor of the third intron. In both r323 and r328, Tc1 is also inserted within the third exon, 3 nt upstream of the 5Ј splice donor of the third intron. The r323 and r328 insertions are in opposite orientations. In r360, Tc1 is inserted within the sixth exon, 11 nt downstream of the 3Ј splice acceptor of the fifth intron. (B) Autoradiogram of a Northern blot. Total RNA was hybridized with radiolabeled probes that detect unc-54 and mlc-1 (control) transcripts. (C) Products of unc-54 RT-PCR amplification. Amplification products were separated by electrophoresis and stained with ethidium bromide. Primer unc54-3016 was used for reverse transcriptions, and primers unc54-1558 and unc54-3016 were used to amplify wild-type, r327, r323, and r328 unc-54 cDNAs (top panel, lanes 1, 3, 5, and 7, respectively). The wild-type cDNA product is 858 bp with these primers, while the wild-type and the mutant somatic excision genomic DNA products are 1.4 kb. Primer unc54-4748 was used for reverse transcriptions, and primers unc54-3443 and unc54-4210 were used to amplify wild-type and unc-54(r360) cDNAs (bottom panel, lanes 9 and 11, respectively). The wild-type cDNA is 713 bp with these primers, while the wild-type and the mutant somatic excision genomic DNA products are 767 bp. unc-54 cDNAs were not amplified in control reactions in which reverse transcriptase had been omitted (lanes 2, 4, 6, 8, 10, and 12). or hlh-1 that we isolated is silent. Three ceh-18::Tc1 insertions are silent (two within introns, one within an exon), despite the fact that ceh-18 null alleles exhibit substantial abnormalities (28) . Each of three site-selected insertions with a C. elegans ryanodine receptor gene is silent (two within introns, one within an exon), whereas null alleles exhibit strong behavioral phenotypes (38) . The consistent removal of Tc1 from mutant pre-mRNAs, together with a growing number of silent insertions obtained from site-selected approaches, suggests that many, if not most, Tc1 insertions have little effect on phenotype. Perhaps this provides a mechanism by which Tc1 escapes negative selection. The behavior of Tc1 may be typical of other families of C. elegans transposons. Tc3, Tc4, and Tc5 elements are spliced from certain pre-mRNAs in a manner that is similar to that of Tc1 (36, 37, 42) . The proportion of silent Tc3, Tc4, and Tc5 insertions is at present unknown, however, because insertions of these elements have not been isolated in unbiased screens. If a high proportion of Tc1 insertions are silent, then the frequencies of Tc1 insertion measured in genetic screens (1) are severe underestimates of true Tc1 insertion frequencies. Certain hot spots for Tc1 insertion observed during genetic screens (17) may not reflect sites of preferred Tc1 insertion, but rather sites in a protein that are particularly intolerant of amino acid insertions, deletions, and substitutions following removal of Tc1. Genes that appear as poor targets for Tc1 insertion during genetic screens may simply reflect proteins that are especially tolerant of Tc1's mRNA footprints.
While the variety of mature mRNAs spliced from hlh-1::Tc1 and unc-54::Tc1 pre-mRNAs ( Fig. 2 and 4) is remarkable, we suspect that an even greater variety of splicing events actually occurs. Pre-mRNAs that are spliced in a manner that leaves translational frameshifts at spliced junctions are expected to be unstable because of the action of nonsense-mediated mRNA decay (48), a system that is known to exist in C. elegans (51) . Such out-of-frame mRNAs would be underrepresented in the steady-state population. Indeed, most of the spliced junctions that we sequenced (62 of 79) maintain the normal translational reading frame (Table 1 ). In view of this, it is puzzling that the unc-54::Tc1 and hlh-1::Tc1 transcripts that are larger than wild type are as abundant as they are. Such transcripts certainly contain in-frame stop codons and thus should be unstable. Perhaps these larger transcripts escape nonsense-mediated mRNA decay because they are not translated (4) or because they are recognized by the nuclear retention apparatus as intron-containing pre-mRNAs (34) .
Splicing of Tc1-containing pre-mRNAs is remarkable not only in the variety of mature mRNAs that is generated but also in the variety of unusual splice sites that is used. Sites of exon joining are defined in part by cis-acting sequences present at exon-intron junctions. Highly conserved 5Ј-GU and AG-3Ј dinucleotides are found at the termini of almost all eukaryotic introns (43, 63) , including C. elegans. Introns lacking these canonical sequences are known, but they are exceptional (for examples, see references 15, 23, 29, 37, 41, 59, 63, 69, and 74) . Nonconsensus splice acceptors have been observed in only two instances in C. elegans. Mutations that alter the AG-3Ј dinucleotide of a let-23 or dpy-10 intron cause splicing to nearby nonconsensus splice acceptors (2) . Over half (50 of 82) of the Tc1-containing hlh-1, unc-54, and mlc-2 introns that we characterized were removed by using splice sites lacking either the canonical 5Ј-GU or AG-3Ј dinucleotide (Fig. 5) . Five introns (transcripts IV, VII C, VII F, and VIII A of Fig. 5 ) contain neither 5Ј-GU nor AG-3Ј dinucleotides.
While the conserved 5Ј splice donor and 3Ј splice acceptor consensus sequences are important for defining the sites of intron removal, they clearly are not sufficient for this process. Many features of a pre-mRNA, including other cis-acting sequences, intron and exon length, pre-mRNA structure, exon definition, and other long-range effects, also influence splice site selection (for examples, see references 3, 27, 35, 44-47, 49, 52, 54, 66, and 67). It is unclear at present how insertion of Tc1 within a pre-mRNA affects splice site selection in such astonishing ways. Even modest changes in exon sequences can affect pre-mRNA splicing (70) . Perhaps Tc1 secondary structure alters pre-mRNA splicing in a manner that activates certain splice sites and inactivates others. The 54-bp inverted repeats at the Tc1 termini may, for example, generate a large stemloop structure within the pre-mRNA which promotes splicing. Indeed, all of the Tc1 splice sites that we characterized lie within the transposon's inverted repeats. Alternatively, perhaps large insertions within exons affect exon recognition. If, for example, exons define the sites of intron removal (54, 67) , then large insertions would likely affect exon definition and, thereby, splice site selection.
Tc1 appears to contain features that allow it to function as an intron with imprecisely defined 5Ј and 3Ј boundaries. All 26 of the splice sites that we characterized within Tc1 are clus- FIG. 5 . Sequences of unconventional splice sites used to process Tc1-containing mRNAs. Uppercase letters indicate identity with the C. elegans 5Ј and 3Ј splice site consensus sequences (6, 21) . Arrows indicate the intron-exon junctions. Because the sequences surrounding the 5Ј donor and the 3Ј acceptor sites of transcripts II A, II B, IV (intron 2), and XI are identical, the exact splice sites utilized are ambiguous. The sequences of these regions, however, dictate that one or more unconventional splice sites are utilized in each case.
tered near (within 38 nt) the 5Ј or 3Ј terminus of the element. The most frequent manner in which Tc1 is removed from mutant pre-mRNAs (class VII) uses 5Ј and 3Ј splice sites within the left and right inverted repeats of Tc1. The resulting mRNAs are translatable in frame regardless of the site or orientation of Tc1 insertion. Tc1, therefore, appears to be a mobile intron, albeit perhaps an inefficient or imprecise one. This suggests the intriguing possibility that Tc1 is a source of nuclear introns during evolution. While such introns have not been recognized in present-day genes, captured introns would likely diverge rapidly, thus obscuring their ancestral relationships to Tc1.
